Abstract-Dynamics of carbon dioxide exchange in the Common Spruce (Picea abies L.) in relation to environmental factors was monitored during several seasons. Direct linear dependence of photosynthesis rate from the levels of air temperature and illumination was found, and correlation coefficients were 0.860 (p < 0.001) and 0.704 (p < 0.001). It was found that seasonal maximum of net photosynthesis production was attained at temperatures of 23-25°C. A decrease in temperature optimum was associated with reduction of the CO 2 assimilation intensity level. The impact of environmental factors on photosynthesis intensity is discussed in terms of the developed model. Using this model, we demonstrated that temperature and illumination dynamics in toto accounts for 82% of changes in photosynthesis rate. It is the air temperature that exerts the strongest influence on the process of photosynthesis. According to our calculations, the net photosynthesis level was three times higher than the level of respiration. This is indicative of a positive carbon dioxide balance in the needles of the Common Spruce.
INTRODUCTION
Study on carbon dioxide gas exchange in trees, edificators of forest communities, attracted attention in recent years not only because gas exchange is the integral indicator of physiological condition of a tree but also due to the significant role of forest ecosystems in mitigating climate change caused by rising atmospheric concentrations of carbon dioxide (CO 2 ) and other greenhouse gases [1] . If sizes of carbon pools in a forest ecosystem are increased, it creates a flow of carbon dioxide from the atmosphere; if they are reduced, then the sources of greenhouse gases are eventually formed. Phytomass is the main carbon pool that absorbs the carbon (71.8%), while the share of dead wood, litter, and soil accounted for 7.2%, 3.6%, and 17.4%, respectively [2] . The role of boreal forests in the regulation of gas composition is clearly supported by seasonal fluctuations of the CO 2 concentration in the Northern Hemisphere: it is reduced during the vegetation period, while it begins to grow in the cold time. When we consider that more than 22% of the global carbon stock of the land reservoir is concentrated in the vegetation and upper soil layers of boreal forests, their contribution to the carbon turnover on the planet should be essential [3] . The forests of Russia represent an important element of the global carbon budget [2, 4] .
Volume and dynamics of the carbon pool in forest ecosystems are conditioned by the ratio of production and destruction of organic substance. The flow of carbon is determined by the ability of phytocenoses of CO 2 absorption for photosynthesis. Old growth forests are important as repositories of a large amount of stored carbon [5] . Studies have shown that, in old forests, the carbon balance is usually positive and the probability of their functioning as carbon sources is not increased with age, but it is determined by the change of climatic conditions [6] .
The study goals are investigating the volume and dynamics of the carbon dioxide gas exchange in needles of the Norway Spruce (Picea abies L.) in the oldgrowth tree stands in the southern taiga spruce forest and the identification of its relationship with environmental factors.
MATERIALS AND METHODS
Studies were conducted on the Taezhnyi Log experimental polygon of the Valdai Branch of the State Hydrological Institute located on the territory of Valdaiskii National Park in Novgorod oblast. CO 2 gas exchange was recorded during the warm season in 2013-2015 within 3 days of the third decade of each month, in the afternoon, in three replications with an interval of 10 min, in the conditions of illumi-nation and temperature most favorable for the process of photosynthesis.
According to its phytogeographical position, the field-work area is located at the margin between southern taiga and coniferous-broadleaved forest. According to forest vegetation subdivision, it belongs to the region of coniferous-broadleaved forests of the European part of the Russian Federation.
Measurements were performed on a sample area laid in an old growth (110-120 years) spruce forest. Mean diameter of the stand is 37 cm, mean height 31 m, and growth class is 1. The layer of undergrowth has a coverage of 0.3. Spruce (Picea abies L.) and Rowan (Sorbus aucuparia L.) dominate in the layer, and the participation of other species is lower. The projective cover of the herb-dwarf shrub layer is 60%; it is dominated by Calamagrostis arundinacea L., Maianthemum bifolium L., and Oxаlis acetosеlla L. For grass cover, the following species are typical: Vaccinium myrtillus L., Vaccinium vitis-idaеa L., Luzula pilosa L., Galeobdolon luteum Hads, Aegopоdium podagrаria L., and Stellaria holostea L. In the moss layer, whose projective cover reaches 70%, green mosses predominate, Pleurozium schreberi and Hylocomium splendens.
Intact shoots of the lower part of the crowns of the model trees at a height of 2-2.5 m served as objects for the study of carbon dioxide gas exchange in the spruce. For choosing the study object, we used as a basis the fact that the shoot may serve as a model of photosynthetic crown and reflects the physiological state of the tree.
The intensity of net photosynthesis and light respiration were determined using the gasometrical method modified in relation to the object of study (the method of closed chambers), using a set of equipment specially designed at the Biological Faculty of Moscow State University. Exposure time for each shoot was 30 to 60 s [7] .
To calculate the change in mass of carbon in the form of CO 2 in the chamber during the exposure, we used an expression based on the Mendeleev-Clayperon equation:
where DC is change of the carbon mass in the chamber, g C; 12 is carbon molar mass, g C mole -1 ; 10 -6 is recalculated coefficient from ppm to volume shares, ppm -1 ; DM is change of СО 2 concentration in chamber, ppm; P is atmospheric pressure, Pa; V is chamber volume, m 3 ; 8.314 is universal gas constant, Pa m 3 0 K -1 mole -1 ; t is air temperature, °C; and 273 is the parameter for recalculation of temperature to 0 K.
Indicators of the intensity of photosynthesis and respiration in the spruce needles are given in mg CO 2 /g of dry mass h, since the calculation on dry mass allows us to compare the values of assimilation and CO 2 emissions that characterize efficiency of reproduction and decomposition of organic matter by plants, which is very important for characterization of the productivity of phytocenoses.
For the detection of dependence of carbon dioxide gas exchange from environmental factors at each observation, we determined ambient air temperature and air temperature in the chamber (the figures were differed by no more than 1-2°C) and total cloud cover.
We used values of photosynthetically active radiation (PAR), calculated according to the method by D.V. Karelin et al. [8] as a function of potential total solar radiation at clear sky and cloud cover: s; I is potential sum of solar radiation for Valdai Meteorological Station, kW m -2 ; and C is cloud cover, 0-10 scores.
Mathematical processing was done using the methods of correlation and regression analysis.
RESULTS AND DISCUSSION
Seasonal dynamics of photosynthesis rate in the Norway Spruce (Picea abies L.) reflected the impact of the complex of external factors and represented the data necessary for estimation of carbon dioxide gas exchange in the needles of spruce stands.
The intensity of photosynthetic gas exchange was directly dependent on air temperature (Fig. 1) .
According to our observations, the warmest month in 2013 was June and the coldest was September. Correspondingly, maximum values of the seasonal intensity of net photosynthesis of the Norway Spruce were observed in June and the lowest in September. The intensity of photosynthesis in June increased by two times as compared with May and amounted to 9.4 mg CO 2 /g dry mass h. Further reduction was observed in the rate of photosynthesis: in September, the intensity of CO 2 assimilation was decreased in comparison with June by 2.7 times to 3.4 mg CO 2 /g dry mass h.
In 2014, the warmest months were May and July: air temperature was a little less than 25°C. These months displayed the maxima of photosynthesis rate, 8.3 and 8.4 mg of CO 2 /g dry mass h. Two peaks correspond to them on the graph, in "spring" and in "summer." In the last decade of June, there was cool weather promoting the weakening of photosynthesis process by 1.4 times, as compared with May. Seasonal minimum in the intensity of photosynthesis, 2.3% below the July values, was observed in September when the air temperature was 11°C.
In 2015, the maximum value of the intensity of net photosynthesis in the spruce, 9.0 mg CO 2 /g dry mass h, was observed in August, when the air was warmed to 23°C. Decrease of the air temperature in September to 14°C resulted in a decrease in the intensity of photosynthesis by 2.2 times in comparison with previous month.
Correlation analysis of the photosynthesis rate in the needles with temperature revealed a direct linear relationship between the indicators, and correlation coefficient R was 0.860, p < 0.001 (Fig. 2a) .
Analysis of the obtained data suggests that temperature is one of the main determinants in the natural environment implementation of potential possibilities of the photosynthetic apparatus of spruce.
Light is another important factor influencing the rate of photosynthesis. We studied the dependence of photosynthesis from PAR (Fig. 3) . Maximum PAR values were 600-640 mkE/m 2 s. They were recorded in May-July of each season; minimum ones, approximately 300 mkE/m 2 s, were in September, which correlated with a decrease of potential total solar radiation during autumn months. According to the obtained results, the rate of photosynthesis in the spruce needles was directly dependent on the PAR. The observed change in photosynthesis rate at constant illumination values in the period from May to July 2014 seem to be determined by the dominant influence of air temperature on the process of photosynthesis. Evidently, the increase in the rate of photosynthesis at the decrease of illumination in July 2015, at the lack of direct relationship between photosynthesis and air temperature, can be explained by the prevalence of the influence of other environmental factors on the photosynthesis process. These factors were not analyzed in this work. However, direct linear dependence of the photosynthesis rate on light in the studied PAR interval was confirmed as a result of correlation analysis that we performed. The correlation coefficient R was 0.704 (p < 0.001). It indicates a high relationship between indicators (Fig. 2B) . Similar results were obtained by K.S. Bobkova and V.V. Tuzhilkina [12] : the linear character of dependence of photosynthesis from illumination was observed in the range of illumination 0-600 W/m 2 .
To explore multiple correlation dependence of the intensity of photosynthesis on meteorological conditions, we included air temperature and illumination in the model. Final results are presented in the multiple regression equation:
where Y is the intensity of photosynthesis, mg СО 2 /g dry mass . h; Х 1 is air temperature, С; and Х 2 is PAR, mkE/m 2 s.
Regression analysis showed that the studied parameters have independent impact on the variability of photosynthesis rate. All regression coefficients were statistically significant (table value of Student's t-test for 5% level of significance was 1.987).
The test of the null hypothesis on statistical insignificance of the constructed models using Fisher Fcriterion equal to 198.9 has shown that the relationship between resultant and factor characters were significant (table value of the Fisher F-criterion for p = 0.95 was 3.1).
Coefficient of multiple correlation is traditionally considered as one of indicators of a model quality. In our case, it was 0.906, which characterized a strong relationship between the dependent variable and two factors. At assessing the combined influence of temperature and illumination on the photosynthesis rate in the spruce needles, we received determination coefficient R 2 equal to 0.820. Thus, total variation of the independent variables included in the model can explain 82% of variation in the dependent variable. It is evident that the rest of the variability was caused by factors not included in the analysis.
Analysis of the regression equation in standardized form revealed that air temperature has the strongest influence on the process of photosynthesis.
A number of studies on the photosynthesis in spruce stated the fact of the impact of environmental factors [9] [10] [11] . Linear dependence of the rate of daytime uptake of CO 2 from solar radiation and temperature, as well as its practical absence dependent on humidity and CO 2 content in the air, for indigenous spruce forests of the north was previously demonstrated in the study of K.S. Bobkova and V.V. Tuzhilkina [12] . Maximum rates of assimilation in the spruce in the middle taiga were noted in July under the most favorable combination of temperature and light conditions. Correlation coefficient between the needle photosynthetic activity and air temperature in the seasonal dynamics was 0.74.
According to A.S. Shcherbatyuk et al. [13] , the dependence of spruce photosynthesis on temperature during the growing season is bimodal in nature: two peaks were observed; they were timed to low air temperature and optimal soil moistening in May (late spring) and July (rainy season). The maximum intensity of photosynthesis was in May at 10°C, and all temperatures above this value caused a sharp decrease in the rate of photosynthesis, according to the authors, by an adaptation of the photosynthetic apparatus in the growing season to low air temperature. Overheating of the photosynthetic apparatus of forest stands in the study period conditioned intra-seasonal depression of photosynthesis in June.
In our observations such a pattern was not found: as noted above, the rate of photosynthesis in the spruce needles increased proportionally to the increase in temperature to optimum values, which is consistent with results obtained by several researchers [14] . As noted by G.G. Suvorova et al. [15] , the seasonal maximum of the photosynthesis in the Norway Spruce under the conditions of Prebaikalia was observed in July at temperatures of 20-25°C. In September, the temperature decreases with decreasing intensity of photosynthesis rate. This is probably caused by sensitivity of the carboxylation reaction to temperature. Earlier, we found that, for manifestation of maximum activity of key enzymes of photosynthetic carbon metabolism (ribulose-1.5-bisphosphatecarboxylase and glicerydehydrophosphatedehydrogenase), the range of optimal temperature is 22-25°C [16] . In this regard, in our study, the seasonal maximum net photosynthesis in the spruce was observed in June 2013, July 2014, and August 2015 at temperatures 25°C, 24°C, and 23°C, respectively. With the decrease of optimal temperature, we noted a decrease of the level of CO 2 assimilation rate.
Simultaneously with the change in the intensity of net photosynthesis in dependence on temperature, the level of respiration increases or decreases. It should be noted that the mean value of respiratory gas metabolism in the spruce needles for the period of observations ranged within the interval from 1.6 mg CO 2 /g dry mass h at air temperature 11°C in September to 3.1 mg CO 2 /g dry weight h in July at air temperature 21°C (Fig. 4) .
According to our calculations, the mean value of net photosynthesis during the season was three times more than the level of light respiration, which indicates a positive carbon dioxide balance of the spruce needles of the lower part of the layer of middle-aged stands. Similar data were obtained by other authors [17] .
Thus, the study of the influences of external environmental factors of air temperature and illumination on photosynthesis rate of pine needles in the lower part of the canopy in the Norway Spruce (Picea abies L.) on the Taezhnyi Log Polygon in the warm season of 2013-2015 revealed a direct linear relationship between the indicators: correlation coefficients amounted to 0.860 (p < 0.001) and 0.704 (p < 0.001), respectively.
Based on the developed multiple-regression model, we have found that total variation of the temperature and the PAR allows us to explain 82% of the variation in the intensity of photosynthesis. However, air temperature has the biggest impact on the process among the two factors.
We believe that the observed maximum of the net photosynthesis at temperatures 23-25°C and the decrease in the level of CO 2 assimilation rate with a decrease in the optimum temperature are caused by the sensitivity of carboxylation reaction to temperature.
Positive carbon dioxide gas exchange in the needles of the Norway Spruce (Picea abies L.) in the lower part of the canopy of old-growth forest indicate a considerable contribution of the photosynthetic apparatus in the carbon balance (carbon sink) in the south taiga spruce forest. 
